Background
Wheelchair-bound patients suffer from a number of constraining ailments that affect the digestive, respiratory, circulatory, and integumentary system. The increased risk of pressure ulcers in wheelchair users can be attributed to the combination of consistent single-point pressure and lack of regional movement for an extended period of time, leading to reduced blood circulation to the lower extremities. Pressure ulcers are especially prevalent in elderly wheelchair-bound patients due to the increased fragility of the skin with age. A study by Stockton and Parker estimated the rate of pressure ulcers in all wheelchair users to be nearly 60% [1] and the 2010 US Census reported that 30.6 million Americans have a major mobility disability that require the assistance of a wheelchair, cane or walker [2] .
Products currently on the market claim to either distribute pressure more evenly across the surface or stimulate the region of pressure. The former include gel cushions which ease stress by distributing the pressure load but do not initiate movement, while the latter regularly alternate mechanical cushions that initiate movement but do not target region of highest load. Because many patients are unable to independently identify, communicate, or adjust their bodies when there is excess pressure being placed on a specific area, a method of reducing a patient's single-point pressure on a seat without requiring direct user input could greatly improve the quality of life of wheelchair users.
Methods
This paper presents a novel method of pressure sore reduction in wheelchair populations through the use of a dynamically adjusting soft seat cushion. Pneumatic actuators respond to user seating position by inflating according to load distribution. A concept testing survey was distributed to potential users and professionals with sufficient knowledge to advise on the concept of a prototype wheelchair insert. The surveys showed a lightweight, affordable, and easy-to-use device was most desired due to the lack of current affordable devices on the market and the difficulty in acquiring insurance coverage.
To achieve goals set by the survey data, the device should not exceed 4.5 kg and it should support a user of up to 140 kg. Its functionality should rely entirely on a real-time internal system that automatically detects locations of greatest load without manual input from the user. It should respond by pressurizing air bladders that help to redistribute the weight of the user and activate blood flow, preventing and healing pressure ulcers.
To comply with the standard sizes like those used in hospitals or supplied by insurance, the base of the insert has to be 38 cm by 43 cm. The main components of the proposed device design are: the base structure ( Fig. 1) , pneumatic actuators, force-sensitive resistors (FSR), the pneumatic pump, and the electronics to control it. The plywood is intended to support the air bladders and avoid sinking. Tubing and wiring are fed through the back of the device, between the foam layers, into the circuit that hangs over the back of the wheelchair. The polyurethane supports the FSRs in place and provide comfort to the user when the bladders are deflated. Finally, a removable waterproof fabric cover that surrounds the entire device for protection is not shown in Fig. 1 to show inner components.
In order to maintain the low cost of the device, pneumatic actuators were designed, fabricated and implemented. These were formed by heat sealing films to the size and shape desired because of the process' ease of manufacturing, affordability, and reliability. The materials tested were 12, 15, and 20 mil polyurethane films. A heat sealer was used along the edges of the bladders. A small hole is punctured into one side of each bladder using an eyelet punch prior to sealing. A nylon air valve is inserted into the hole and sealed into place with plastic adhesive on the outside of the material, along the threading. This process allows for an airtight intake between the bladder and the pump.
Various material types, thicknesses and geometric designs were explored for reliability of use in the insert. Reliability of the design was tested using a universal testing machine (5940 series, Instron, MA) in compression experiments. The machine was fitted with two large anvil platens and a force ranging from 0.039 to 0.074 N/mm 2 was applied to the fully inflated actuator which translates to a 100 kg load on the bladders. This load was used because when a user of maximum recommended weight -136 kg -places 90% of their total mass onto the seat and 75% of their seated mass onto a bladder, 102 kg will be applied to the bladder. In addition, having a three air bladder configuration in our design ensures further load distribution and reduces the effective compressive forces to each of the bladders. The air bladders passed the compressive tests in addition to a fatigue simulation of a 6-cycle compressive loop test without leaking or bursting.
To sense regional load, thin and flexible force-sensitive resistors (FSR) were utilized which output a voltage according to weight applied. In order to determine the amount and orientation of FSRs needed along the surface of the insert, a list of possible orientations was minimized through preliminary physiological analysis. A partial factorial test design led to human testing of eight orientations. Each orientation was evaluated and three healthy, adult participants were used in the device evaluation and data collection. In testing, the participants sat comfortably in the wheelchair and were prompted to lean left, right, forward, and backward in the seat without sliding and in a manner that was natural to occur.
An electropneumatic control system was adapted from Harvard's open-source Soft Robotics Toolkit Fluidic Control Board. Our system utilized a microcontroller and small air pump, along with support circuits for the sensors and actuators, and Interlink 1"x1" square FSRs.
Results
An amplifier circuit was designed to allow the output voltage from each FSR to vary between 0 and 3.5 V depending on the load applied to each of the sensors. Every five minutes the device monitors load distribution by checking the FSR voltage ratios as in Eq. 1-3 and inflating the associated bladders. Data collected from tests displayed linear correlation (r=0.98) between load applied and output voltage and thus Eq. 1-3 display pressure instead of voltage ratios.
In human subject tests, the output ratios were compared as per Eq. 1-3 for each orientation and each degree of freedom. When true, Eq. 1-2 indicate lateral leaning and Eq. 3 indicates forward leaning. However, due to the naturally greater force on the back sensors when sitting normally, an initial calibration ratio was included in Eq. 3 so the forward lean is distinguishable. A color-coded contour plot displaying regional pressure of the final orientation was designed (Fig. 2) .
In order to allow the wheelchair user to be seated at various tables, the insert never lifts the user more than 10 cm above the chair. Between inflation periods, the weight of the user 
compresses the cushion to 5-6 cm above the seat of the chair. When the bladder is fully inflated, the insert is slightly greater than 7.5 cm. Preliminary compression testing of pneumatic actuator reliability allowed us to eliminate materials and seal patterns that were unlikely to withstand a human user. The 12 mil polyurethane sheets displayed a high level of strength and were used to form the bladders. Testing demonstrated that the weakest point of the bladders was at the heat-sealed seam. It was calculated that the ideal bladder would have a triangular shape, to mitigate pressure at the seams. Two triangular designs were created. The smaller shape is in both the top left and top right of the cushion and the larger is in the front of the seat (Fig.  3) . All bladders were sealed in straight lines near the acute angles to prevent excessive air pressure in a small region. The newly fabricated bladders were able to withstand the high load applied by our testing experiments without delaminating, leaking, or bursting.
Interpretation
This design development lays the foundation for dynamically adjustable seat cushions using pneumatic actuation. When put into use by human subjects, the insert was able to accurately identify the region of highest pressure and responded well by inflating the appropriate bladder to full capacity within five seconds. Future work could lead to optimization of the software loop delay time to best account for expected user adjustment periods to lead to the highest level of comfort and assistance. Some design improvements that could be explored are the addition of more sizing options, the possibility of fitting to users who do not normally sit with weight distribution evenly (due to deformation or amputation), and a more compact shell. 
